This paper investigates the use of FeFETs in a common analog circuit, the differential amplifier. The two input Metal-Oxide-Semiconductor (MOS) transistors in a general MOS differential amplifier circuit are replaced with FeFETs. Resistors are used in place of the other three MOS transistors. Because of the FeFET hysteresis, the FeFET differential amplifier has several different operating modes depending on the FeFETs' prepolarization. Experimental results of the FeFET differential amplifier operation were obtained. Comparisons were made between the FeFET differential amplifier and the standard MOS differential amplifier. The experimental results are discussed.
INTRODUCTION
There has been considerable research investigating the Ferroelectric Field-Effect Transistor (FeFET) in memory circuits. However, very little research has been performed in applying the FeFET to analog circuits. This paper investigates the use of FeFETs in a common analog circuit, the differential amplifier. The primary motivation behind investigating these ferroelectric circuits is to show that the devices are feasible in order to be able take advantage of the reliability and radiation hardening effects that ferroelectric devices provide. Initially, the active and remanent characteristics of a 4 × 400 ferroelectric transistor will be investigated, and then experimental results of a FeFET differential amplifier circuit will be discussed.
FERROELECTRIC TRANSISTOR
Initially the FeFET 4 × 400 (channel length = 4 µm & channel width = 400 µm) transistors were characterized. The transistor drain to source voltage was held constant, and a series of pulses were applied to the gate of the FeFET. Initially, a −8.0 volt polling pulse was applied to saturate the ferroelectric channel in the open position. Then gate pulses were applied starting at zero volts and increasing by 1.0 volt until +8.0 volts were reached. Then the applied pulses were reduced by 1.0 volt until zero was again reached. Next, a +8.0 volt pulse was applied to saturate the ferroelectric channel in the closed position. Then gate pulses were applied starting at zero volts and decreasing by 1.0 volt until −8.0 volts were reached. Then the applied pulses were increased by 1.0 volt until zero was again reached. The drain to source current was measured while the gate pulse was applied and immediately after the gate pulse was removed to obtain the active (on) data and remanent (off) data, respectively. This FeFET active and remanent experimental data is shown in Figs. 1 and 2, respectively [1] . The difference in the output level for the gate voltage in the off condition at zero volts is caused by the way the experimental data was collected [2] . The drain current was measured a couple of seconds after the gate voltage was turned off which gives the measured data some variations that are not fundamental characteristics of the FeFET. Also, from the Active Mode data the FeFET had difficulty going fully into saturation.
FERROELECTRIC DIFFERENTIAL AMPLIFIER
The FeFET differential amplifier circuit is shown in Fig. 3 [3] . The two input Metal-Oxide-Semiconductor (MOS) transistors in a general MOS differential amplifier circuit are replaced with 4 × 400 FeFETs M1 and M2. 400 k resistors R1, R2, and R3 are used in place of the other three MOS transistors. The differential amplifier can have several different operating modes depending on whether or not M1 and M2 are prepolarized and whether or not the prepolarization is positive or negative. These different operating modes are summarized in Table 1 .
The operating modes that are inverses of each other were designated with the same number with an alphanumeric suffix. Because of the FeFET hysteresis, the FeFET will be operating on a different part of the active data curve depending on the transistor prepolarization. This range of operating modes could allow more flexibility for your operating circuit as opposed to the standard MOSFET differential amplifier which only has one mode of operation.
EXPERIMENTAL RESULTS
As an initial step to investigate the ferroelectric differential amplifier circuit and to make it operational, operating mode number 6 was investigated. In this operating mode the FeFETs are not prepolarized prior to applying the small signal inputs. The experimental results for various amplifier inputs are shown in the oscilloscope plots in Figs. 4 through 7. The input signals, Vi1 and Vi2, are the traces identified by circles and squares, respectively, and output signal Vo2 is the trace identified by triangles. In Fig. 4 , the input signals are at 100 Hz, 8 V p−p , and 0 • phase difference. The resulting output waveform appears to be clipped at the top, is reduced in amplitude from the input, and is approximately 270 • phase shifted. In Fig. 5 , the input signals are at 100 Hz, 4 V p−p , 180 • phase difference, and −1.0 Vdc offset. The output waveform also appears to be clipped at the top, is reduced in amplitude from the input, and is approximately 180 • phase shifted. In Fig. 6 , the input signals are at 1 MHz, 4 V p−p , and 180 • phase difference. The output waveform is a full sine wave, is reduced in amplitude from the input, and is in phase with the input. In Fig. 7 , the input signals are at 1 MHz, 8 V p−p , and 90 • phase difference. The output waveform is clipped at the bottom, is reduced in amplitude from the input, and is approximately 30 • phase shifted. These FeFET differential amplifier results are summarized in Table 2 .
Comparison of the FeFET differential amplifer to a standard MOSFET differential amplifier using MPF102 transistors is shown in Figs. 8 through 11. Table 2 FeFET Differential Amplifier Results Figures 8 and 9 are the FeFET differential amplifier, and Figs. 10 and 11 are the standard MOSFET differential amplifier. The inputs signals, Vi1 and Vi2, are the traces identified by circles and squares, respectively, output signal Vo1 is the trace identified by pluses, output signal Vo2 is the trace identified by triangles, and output signal Vo12 is the trace identified by diamonds. Vo12 was calculated by subtracting Vo2 from Vo1. In Fig. 8 , the input signals are at 1 kHz, 16 V p−p , and 0 • phase difference. The output waveforms Vo1 and Vo2 are clipped at the bottom, 1.9 V p−p in amplitude, and phase shifted 350 • from the input signals.
Input
The output signal Vo12 is at approximately zero. In Fig. 9 , the input signals are at 1 kHz, 16 V p−p , and 180 • phase difference. The output waveforms are shaped similarly to triangles waves, 1.4 V p−p in amplitude, and phase shifted 120 • from the input signals. The output signal Vo12 is at 2.0 V p−p . In Fig. 10,   Figure 10 . Vin at 1 kHz, 16 V p−p , 0 • phase difference. In Fig. 11 , the input signals are at 1 kHz, 16 V p−p , and 180 • phase difference. The output waveforms Vo1 and Vo2 are clipped at the waveform bottom, 6.3 V p−p in amplitude, and phase shifted 180 • from the input signals. The output signal Vo12 is at 10.0 V p−p . These FeFET differential amplifier and MOSFET differential amplifier results are summarized in Table 3 .
CONCLUSION
A functioning differential amplifier was constructed out of FeFETs. Operating mode number six, without prepolarization, was investigated. The FeFET differential amplifier circuit produced some interesting results. The output signal characteristics changed with changes to the input signal frequency, amplitude, phase difference, and DC bias. The circuit operated over the tested frequency range of 100 Hz to 1 MHz. From Figs. 4 to 7, the output signals were clipped differently depending on the input signal characteristics. This was most likely due to the position on the hystersis curve that the FeFETs were operating. From Figs. 8 and 10 , the common-mode gain of the FeFET differential amplifier and the standard MOSFET differential amplifier are both approximately zero, as desired. From Figs. 9 and 11 , the difference-mode gain of the FeFET differential amplifier is approximately five times less than the MOSFET differential amplifier. It is feasible to use FeFETs in a differential amplifier circuit in order to take advantage of the reliability effects of the ferroelectric devices. In addition, Table 3 Differential Amplifier Comparisons it has radiation tolerance aspects that could be useful. Future research would be to investigate the other FeFET differential amplifier modes of operation.
